We investigate quasi-phase-matching (QPM) and spontaneous parametric down-conversion in randomly poled structures. The novelty is that we consider the disordered structure which involves nonlinear segments separated by domains with linear optical spacers of random lengths. Considering down-conversion, we calculate the probability of production of pair photons by using the procedure of averaging over random positions of domains boundaries. We demonstrate the method of compensation of the dispersive effects in nonlinear segments by appropriately chosen linear dispersive segments of superlattice for realizing effective QPM and preparation of joint states of two photons.
INTRODUCTION
Parametric processes in photonics and nonlinear optics depend critically on the phase matching between the parametrically interacting waves. These interactions are usually implemented either by perfect phase-matching using crystal birefringence or are realized in multi-layered structures, particularly, with a periodically reversed sign of the quadratic susceptibility 1, 2 . Recently, it has been demonstrated that nonlinear layered structures with randomly positioned boundaries display some unusual properties [3] [4] [5] [6] [7] [8] . It was shown for second-harmonic generation in randomly distributed periodically-poled crystals that intensity of SH mode grows linearly with the length of the nonlinear media unlike the quadratic dependence in perfect structures, while its spectral response characteristic is broader, and it depends on the width of the domain distribution. Random nonlinear layered structures have been also considered for generation of photon pairs with perfectly indistinguishable un-entangled photons in process of spontaneous down-conversion 9 .
In this paper, we study theoretically quasi-phase-matched (QPM) three-wave interaction as well as spectral properties of pair photons generated in down-conversion realized in nonlinear structures with disordered domains. The novelty is that we discuss a general case when group velocity mismatch can be controlled at arbitrary wavelength. For this goal we use the method of compensation of the group velocity mismatch in nonlinear second-order material by linear layers exhibiting dispersion 10 . This approach was used in pulsed down-conversion for engineering twin-photon states with special temporal and spectral characteristics from 11, 12 and it is expanded here for the case of random distributed layered structures. Thus, we consider the randomly poled superlattice that is an ensemble of layers which involves nonlinear segments separated by domains with linear optical spacers of random lengths. In this way, we employ the onedimensional approach suggested in 7 where the SH intensity in disordered second-order medium has been considered. We proceed from the single-mode approximation that selects only a single transverse spatial mode by consider collinear, one-dimensional configuration.
The paper is arranged as follows. In Sec. II we calculate the spectral probability of photon-pairs production in disordered layered nonlinear medium as an ensemble average of the photon-pair probabilities from each individual domain over the domain distribution. Then, spontaneous parametric down-conversion (SPDC) from randomly poled second-order media is considered. Sec.III is devoted to analysis of SPDC in randomly poled superlattice with linear spacers. 
TWO-PHOTON RATE IN RANDOM SUPERLATTICE
is a classical complex amplitude describing the envelope of the pump. The state evolution of the system in the first-order of perturbation theory reads as
Thus, quantum state describing a photon pair generated in the process of SPDC is written in the standard form:
where
is the normalized factor, while the spectral amplitude of two photon generation equals to
and is expressed through the effective coupling constant ( )
is the phase-matching function
. The probability of twin-photon spontaneous parametric radiation is defined as ( )
Below, we apply these results for multi-layered nonlinear media with randomly positioned boundaries. In this case, the interaction Hamiltonian is expressed as the sum of interactions in each layer in terms of the electric fields in each layer. This procedure will be concretized for two types of multilayered nonlinear structures with different susceptibilities of nonlinearity and with different refractive indexes pumped by the pulse laser light beam with Gaussian distribution ( ) (
In general, the electric fields for the case of one dimensional composite material have been studied in details and for SPDC in multilayer media the two-photon amplitude ( ) where is the phase-matching function of three photon process in the each n-th domain.
SPDC in randomly poled nonlinear media
There are various types of random poled structures; we discuss here the model of configuration which consists of the assembly of domains where only the widths of domains are random variables, while the nonlinear susceptibilities are interchanged periodically
We assume that the mismatch functions are the same in each domain. On the whole the amplitude is calculated from Eqs. We use the Gaussian distribution of randomly positioned boundaries. The distribution is many-dimensional; however, it is easily evaluated for the case of independent stochastic variables to the factorable form. Thus, the averaging on of exponential terms in Eq. (12) can be calculated as
where, we denote and
is the Fourier transform of the probability density of the domain widths ( ) l w .
On the whole, we get the following interim solution for the effective nonlinear coupling constant 
where ( )
is the dispersion of domain lengths around the mean value of each domain a l ≡ . The final result for the joint spectral intensity of the process is calculated by using detailed description of the nonlinear structure and procedure of averaging over random variables, and assuming case of . The result reads . Our calculation shows that this quantity is coincided on form with the analogous result calculated for the process of second-harmonic generation 9 . The probability grows linearly with number of layers.
SPDC FROM RANDOMLY POLED SUPER-LATTICE WITH LINEAR ELEMENTS
The other composite system proposed for the production of pair-photons in SPDC is shown in Fig.1 We provide the similar manipulations as in Sec. II for calculation of the joint spectral intensity for such randomly poled superlattice. In this case, we also additionally assume that the random realizations of nonlinear and linear domains are independent one of the other and hence the full Gaussian distribution of randomly positioned boundaries in whole crystal factorizes to analogous ones for assembles of nonlinear and linear layers. On the whole, we got the following result
are the Fourier transforms of the probability density distributions ( ) 
are the phase-matching functions of three photon process in nonlinear and linear domains, correspondingly. Finally, by using (17) and (18) we find the following result for the probability of SPDC
We note that in this formula there are some manageable parameters: length, phase-matching function and distribution of the domain lengths of linear domains. Below, we discuss QPM and the probability of pair-photon generation for different values of parameters.
Effective coupling constant for different lengths of nonlinear and linear domains
Here we discuss joint intensity for different lengths of nonlinear and linear domains depending on the phase-matching function of nonlinear domain (see, Fig.2 ). As follows from these results, we can shift the distribution of effective 
Intensity for different length distributions of nonlinear and linear domains
In this subsection is discussed the joint intensity for different length distributions (see, Fig.3 ). We realize that the variation of the width 1 σ of the density distributions ( ) 1 l w of nonlinear domains makes approximately no change in the distribution curve of effective coupling constant, while the variation of the width 0 σ of linear domains significantly change the situation. As it is seen from the Fig.3 the distribution of effective coupling constant become narrower and higher, just by changing the width of density distribution for the nonlinear domains. 
Effective quasi-phase matching
The goal of this subsection is to find the conditions of effective quasi-phase-matching for the down-conversion process in the randomly poled media. It easy to realize that the condition for the maximum of the Eq. . Thus, additional manageable parameter, such as the dispersion coefficient of linear domains and mean the length of linear domains, allow us control the shape of intensity. In particular, it is possible to have simple form for the intensity depending only on k Δ (see, also 7 ). Indeed, we can claim that if 
